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Laser plane solution is one of the key points in optical metrology. A solution method is presented to cal-
ibrate a laser plane by optimizing the difference between the measured length of the target and the
reconstructed length with the arguments of the equation coefficients of the laser plane. An experimental
study of the reconstruction errors of the developed method shows a higher precision compared with the
point-origin method in the calibration of a laser plane.
 2016 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).Introduction
Nowadays, the solution study of the laser plane for viewing,
reconstructing and measuring object profiles is a popular and
promising field in optical metrology [1,2]. The measurement
adopting the laser plane and a camera enhances the test speed,
improves the reconstruction accuracy, allows the multi-scale con-
tinuous surface detection, and reduces the noise effects [3,4]. How-
ever, the key point of the optical measurement above is the
solution precision for the laser plane calibrated in the world coor-
dinate system.
Several methods of such calibrations have been performed with
the projections of the laser plane on the 3D, 2D, or 1D target [5,6].
Nevertheless, the previous work focuses on two projective laser
lines on two fixed planes or many captured laser lines in the cam-
era coordinate system. Recently, the method of the distance
between the origin point and feature points is presented to solve
the laser plane equation, by which the laser plane is directly cali-
brated in the world coordinate system [7]. In this paper, we pro-
pose a calibration approach by the constant distance from the
coordinate axis to the feature points on the laser plane, which
takes the advantages of both high accuracy and global results in
the world coordinate system. Direct experimental comparisons
with the point-origin method are performed to verify the validity
and improvements of the point-axis method.Methods
The method for calibrating the laser plane is illustrated on
Fig. 1. The 3D calibration board covered by checkboard patterns
is chosen as the benchmark of the world coordinate system. A slen-
der rectangular target is designed with a circular checkerboard
pattern on the top and a blade at the bottom. In the calibration pro-
cess, the bottom of the target is coincident with the ox axis of the
3D calibration board. The distance between the feature points and
the ox axis should equal the length of the target. The laser plane
crosses the center of the circular checkerboard pattern. Then, sev-
eral feature points are extracted from the intersections between
the target in various positions and the laser plane. The orbit of
the top center on the target is a cylinder with the ox axis as the
central axis. The radius of the cylindrical surface is defined by
the length of the target. The intersection between the cylinder
and the laser plane is a curve consisting of the feature points.
The world coordinates of the reconstructed feature points can
be derived from the laser plane coefficients and image coordinates
of the feature points as [7]
ðp31uip11Þxiþðp32uip12Þyiþðp33uip13Þziþp34uip14¼0
ðp31v ip21Þxiþðp32v ip22Þyiþðp33v ip23Þziþp34v ip24¼0
AxiþByiþCziþD¼0
8><
>: ð1Þ
where P = [pij]34 is the camera transform matrix calibrated by the
3D calibration board. A, B, C, and D indicate the equation coefficients
of the laser plane. (ui, vi) is the image coordinates of the feature
points. (xi, yi, zi) is the reconstructed coordinates of the feature
points.
Fig. 1. The principle of calibrating the laser plane based on the method of the
constant distance from the coordinate axis to feature points. (a) Calibration
instruments. (b) Feature points and cylindrical orbit.
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sured length of the target and the reconstructed distance from the
feature points to the ox axis by
GðA;B;C;DÞ ¼
Xn
i¼1
ðy2i ðA; B;C;DÞ þ z2i ðA;B;C;DÞÞ  nL2
 !2
ð2Þ
where L is the known target length, n is the points number. The
solutions of the coefficients are achieved from the arguments of
the minimum Eq. (2).Experiments and discussion
The relative movement of a sample cylinder is performed to
verify measurement errors of the calibration method. In Fig. 2(a),
the cylinder is relatively moved about the stationary laser plane.
As the movement direction is parallel to the ox axis, the projective
laser curves on the cylinder are captured by the camera and the
cylinder radius derived from a curve is
R ¼ yi þ zi 
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2yizi
p
ð3Þ
where R is the reconstructed cylinder radius.
Fig. 2(b) shows the calibration experiments. The gray frames
with 2048  1536 resolution are captured by the camera.
60 mm  60 mm checkerboard pattern is printed on the
500 mm  500 mm  500 mm 3D calibration board. Harris corner
detector is employed as the peak detection algorithm in the
camera calibration. The laser plane equation is 0.345X  0.525Y +
Z  212 = 0 while the minimum G(A, B, C, D) is 1743.6. The recon-
struction error, which is adopted in the comparison method, is
defined by the difference between the reconstructed cylinder
radius and the real cylinder radius. In Fig. 2(a), the accuracy of
the above point-axis method is evaluated by the reconstruction
errors of two cylinders with radii of 45 mm and 55 mm. The dis-
tances from the right end of the cylinder to the yoz plane in the
experiments are 60 mm, 120 mm, 180 mm, and 240 mm, respec-
tively. 20 feature points are extracted for the comparisons with
the point-origin method that takes the distance from the feature
points to the origin as the optimization object [7].Fig. 2. (a) Comparison method with the sample cylinder. (b) Calibration
experiments.The experimental results adopting 45 mm and 55 mm cylinders
are shown in Fig. 3. The means and variances of the reconstruction
errors are listed in Table 1. The means and the variances of the
reconstruction errors of the point-axis method are smaller than
those of the point-origin method under the same radius and the
same distance. Meanwhile, the minimum and the maximum values
of the reconstruction errors of the point-axis method are closer to
the real radius than those of the point-origin method. When a
45 mm cylinder is adopted in the experiments, the mean and the
variance of the reconstruction errors of the point-axis method
are 0.367 mm and 0.048 mm, respectively. The mean and variance
of the reconstruction errors of the point-origin method are
1.334 mm and 0.135 mm, respectively. When a 55 mm cylinder
is employed in the experiments, the mean and the variance of
the reconstruction errors of the point-axis method are 0.343 mm
and 0.037 mm. The mean and the variance of the reconstruction
errors of the point-origin method are 1.460 mm and 0.132 mm.
The experiments also indicate that the maximum and minimum
values of the reconstruction errors of the point-axis method are
smaller than the ones of the point-origin method.Conclusion
In summary, a solution method is presented to solve the laser
plane by employing the constant distance from the coordinate axis
to the feature points. The comparative experiments are performed
on the point-axis and the point-origin methods. The former
method shows higher calibration accuracy compared with the lat-
ter method. The maximum and minimum values of the reconstruc-
tion errors of the point-axis method are also smaller than the
values of the point-origin method.Fig. 3. (a) Experimental results of the cylinder with the radius 45 mm. (b)
Experimental results of the cylinder with the radius 55 mm.
Table 1
Experimental results of the error means and variances of the point-axis method and the point-origin method.
45 mm cylinder 55 mm cylinder
Point-axis method Point-origin method Point-axis method Point-origin method
Distance (mm) 60 120 180 240 60 120 180 240 60 120 180 240 60 120 180 240
Mean (mm) 0.317 0.384 0.385 0.381 1.390 1.388 1.208 1.351 0.335 0.319 0.378 0.338 1.717 1.587 1.237 1.298
Variance (mm) 0.027 0.042 0.059 0.066 0.133 0.164 0.081 0.161 0.042 0.042 0.047 0.021 0.051 0.092 0.123 0.117
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